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INTRODUCTION 


The  ultimate  objective  of  this  study  Is  to  discover  s  satisfactory  method  at  predicting 
the  course  of  constriction  of  the  pupil  of  a  dark  adapted  eye  when  exposed  to  a  flash  of 
any  duration  or  a  series  of  flashes  Involving  a  complex  and  changing  distribution  of  bright¬ 
ness  in  the  visual  field.  This  problem  Is  quite  complicated  for  several  reasons.  It  in¬ 
volves  the  differential  distribution  of  rods  and  cones  over  the  retina  with  their  independ¬ 
ently  varying  states  of  adaptation  and  speeds  of  reaction.  It  involves  the  distribution  of 
ganglion  cells  and  their  connections  through  the  blpolara  with  the  rods  and  cones.  It  in¬ 
volves  the  mechanism  In  the  midbrain  for  summating  the  Impulses  received  simultan¬ 
eously  from  various  areas  of  the  retina  and  also  the  mechanism  for  summating  impulses 
spread  out  in  time;  and  it  also  Involves  the  response  of  the  sphincter  muscle  of  the  iris  to 
the  pattern  of  Impulses  relayed  to  It  by  the  ciliary  ganglion  from  the  Edinger-Weatphal 
nucleus. 


Finally,  the  role  played  by  stray  light  has  to  be  taken  Into  consideration  and  this  is 
particularly  Important  In  the  case  of  a  bright  patch  subtending  a  small  solid  angle,  and 
having  a  dark  background.  The  small  number  of  photoreceptors  stimulated .  directly  by  the 
bright  patch  might  well  have  a  negligible  effect  upon  pupil  constriction  In  comparison  with 
the  effect  produced  by  the  thousands  of  photoreceptors  which  are  stimulated  only  by  the 
stray  light  in  the  eye.  '  J 


One  can  annly-.e  this  aspect  of  the  problem  further  by  assuming  that  the  effect  of 
stray  light  in  the  eye  can  be  computed  from  the  Stlles-Holladay  formula.  x»  2»  4  according 

to  which  the  retinal  illuminance  dly  at  a  given  point  P'  on  the  retina,  produced  by  a  bright 

patch  subtending  a  small  solid  angle  dt) 


and  di.- placed  at  on  angle  8  from  the 
lino  of  sight  OP  which  corresponds  to 
the  point  P'  on  the  retina,  is  given  by 
the  following  equation: 
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provided  o  is  expressed  in  radians  and 
is  larger  than  0.  035.  A  is  the  area  of 
the  artificial  pupil  in  mm^.  B  is  the 
brightness  of  the  patch  in  c/m^.  ‘Ti¬ 
the  angular  displacement  of  the  patch 
from  the  pupillary  axis.  Iy  is  measured 
in  trolmds  and  u  in  steradians. 


In  the  experiments  described  in  this 
report  the  beams  of  light  entering  the  eye 
are  restricted  by  artificial  pupils  normal 
to  the  axes  of  the  beams,  and  since  the 
circular  patches  exposed  to  the  eye  did 
not  exceed  8°  in  diameter.  It  is  satisfac¬ 
tory  to  assume  that  cos  ■  !• 
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RETINAL  ILLUMINATION  ( TROLANOS ) 


From  Eq.  (1)  It  is  posslbl'  o  an  aquation  for  computing  tha  Illuminance  ly  at 

P*  on  tha  retina  produced  by  a  cl.  ":!*'-  patch,  the  center  of  which  la  at  an  angle  9  from 
the  line  of  sight  OP.  The  r'rcuUr  patch  ie  divided  Into  tonas  concentric  with  P  as  shown 
In  Fig.  1. 
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!rar«  of  tha  Patch  I  r^heatl  by  Stray  Light. 


RETINAL  ILLUMANOK 
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Values  of  Iy  have  been  computed  aa  a  function  of  9  for  circular  patches  subtending 
0. 8°.  2.  64°  and  8°.  These  patches  subtend  solid  angles  equal  to  0. 000154.  0. 00154  and 

0.0154  steradians  respectively. 

.  1  .  i  >r  ;:<■.! -j n  •<;‘J 

Since  Eq.  (1)  does  not  hold  for  values  at  9  less  than  2°  (0.035  radian),  values  at  Iy 
have  not  been  calculated  for  values  of  S  less  than  (ft  2°).  The  distributions  are  shown 
in  Fig.  2  along  with  the  distributions  of  retinal  Illuminance  (1)  In  the  Images  of  the  patches 
focused  on  the  retina,  calculated  lit  accordance  with  the  equation. 


I  >  BA  '  ‘  (4) 

'  V  t 

where  B  Is  the  brightness  of  the  patch  In  c/m?  and  A  Is  the  area  of  the  pupil  In  nun?. 


n.,s«5  ha*  called  attention  to  the  role  played  by  stray  light  by  demonstrating  that  a 
pupil  response  is  still  obtained  when  the  patch  of  brlghtneas  producing  the  response  Is 

placed  In  the  blind  spot. 


Reeves**  used  a  uniform  distribution  of  brightness  covering  the  entire  visual  field  and 
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and  measured  the  pupil  size  after  the  eye  had  become  adapted  to  various  brightness  levels 
and  af.er  the  pupil  had  reached  a  reasonably  steady  state.  His  averaged  data  for  6  sub¬ 
jects  have  been  replotted  in  Fig.  3,  which  shows  pupil  slse  as  a  function  of  retinal  Illumi¬ 
nance.  Equation  (4)  has  been  used  in  computing  retinal  illuminance.  No  allowance  has 
been  made  for  the  Stlles-Crawford  effect  or  the  obliquity  of  the  plane  of  the  pupil.  The 
pupil  evidently  responds  to  levels  of  retinal  illuminance  lower  than  the  threshold  for  the 


cones',  but  the  messurements  were  limited  to  too  few  brightness  steps  to  determine 


whether  there  is 
play. 


a  break  or  modulation  in  the  curve  to  indicate  when  the  cones  come  into 


Various  investigators  have  found  a  Purkinje  shift8  In  the  pupillomotor  response, 
which  is  another  way  of  demonstrating  the  transition  from  rod  to  cons  vision. 


Effects  depending  on  the  state  of  adaptation8  have  also  been  investigated. 


Furthermore,  a  pupil  response  to  rods  can  be  demonstrated  In  the 
with  total  color  blindness  who  have  a  scotopic  luminosity  curve. 8 


case  of  persona 


D“  Launey  has  used  a  spot  2°  in  diameter  located  at  the  center  of  the  fovea  and  a 
similar  spot  located  in  the  periphery  to  determine  the  extent  of  pupil  constriction  pro¬ 
duced  by  various  brightnesses.  De  Launey  claimed  that  since  no  pupil  respqpae  was  ob¬ 
tained  in  either  case  until  after  the  threshold  level  of  the  cones  was  reached,  the  pupil 
responses  obtained  depended  entirely  upon  the  stimulation  of  the  cones.  ... 

,A  •»  m'u-  rnqtsia 

As  will  be  shown  in  this  report,  the  response  which  he  found  must  have  been  a  re¬ 
sponse  to  stray  light  outside  the  image  of  the  spot.  That  the  threshold  of  the  pupil  re-  . 
sponge  coincided  with  the  threshold  of  cone  vision  must  be  a  coincidence  because  the 
threshold  of  the  pupil  response  can  be  varied  by  changing  the  area  of  the  patch  of  bright¬ 
ness.  What  probably  determines  the  threshold  in  this  case  Is  the  threshold  of  the  rods  In 


the  periphery  of  the  retina  which  are  stimulated  by  stray  light. 
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APPARATUS 


Fig.  4  represents  a  horizontal  section  through  the  center  of  the  entrance  pupil  of  the 
eye  E.  The  right  eye  of  the  subject  is  controlled  by  means  of  a  biting  board  and  forehead 
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rest  so  that  the  center  of  the  pupil  falls  at  the  point  E.  while  the  eye  fixates  the  small 
aperture  Ax  or  A?.  Fixation  point  At  U  >  small  aperture  backed  up  by  a  piece  of  milk 
glass  and  a  red  filter,  and  is  illuminated  by  the  source  Sj.  Through  the  lens  Lj  the  eye 
sees  the  image  of  Aj  formed  by  the  mirror  Mi  in  the  plane  of  the  diaphragm  A2.  It  is 
seen  displaced  5°  to  the  left  of  the  center  of  the  lens  Lj. 

The  eye  may  also  fixate  the  image  of  the  small  aperture  Ay  formed  by  the  lenses  L 7 
and  L3  in  the  plane  of  the  diaphragm  A2.  The  snail  aperture  A?  is  backed  up  by  a  piece 
of  milk  glass  and  red  filter,  and  is  illuminated  by  the  source  S4.  The  light  peaces  through 
the  lens  L7,  the  small  aperture  Ag.  the  beam  splitter  P2.  the  lens  Lj,  and  forms  an 
image  of  A7  at  the  center  of  the  aperture  in  diaphragm  A2.  Diaphragm  Ag  constitutes  the 
aperture  stop  for  this  system.  An  image  of  this  aperture  is  formed  by  the  lenses  L3  and 
Li  in  the  plane  of  the  entrance  rjpil  which  is  the  same  size  as  the  1  mm  aperture. 

The  apparatus  provides  two  means  of  exposing  bright  patches  to  the  eye.  Oae  makes 
use  of  source  S,  and  the  other  of  S'3.  The  light  from  source  S3  passes  through  the 
lenses  L5  and  Lg  and  L4  and  focuses  at  the  small  aperture  in  the  diaphragm  A4.  This 
small  aperture  is  1  mm  in  diameter  and  constitutes  the  aperture  Stop  of  the  system.  A  1 
mm  image  of  this  aperture  stop  is  formed  by  lens  L.3  and  lens  Lj  in  the  plane  of  the  en¬ 
trance  pupil. 

When  the  diaphragm  A5  is  removed,  the  entire  field  of  the  circular  aperture  in  dia¬ 
phragm  A2  appears  uniformly  bright  to  the  eye  and  subtends  a  visual  angle  of  8°,  The 
diaphragm  at  A5  can  be  used  to  restrict  the  size  of  the  patch.  An  image  of  the  aperture 
Ag  is  formed  in  the  plane  of  the  diaphragm  A 2,  and  this  image  can  be  centered  in  the 
aperture  in  the  diaphragm  A2  or  displaced  to  the  right  or  to  the  left  of  tho  center  by  any 
amount  desired. 

•  •  *  .  i  V 

Several  diaphragms  are  used  at  A5  representing  apertures  of  different  sizes,  and  one 
of  these  diaphragms  contains  a  pair  of  apertures  one  above  the  other.  Each  subtends  0,8 
visual  angle,  and  they  are  separated  by  1.6°  from  center  to  center.  These  two  patches 
can  be  exposed  alternately  by  manually  moving  a  shutter  blade,  located  Juat  in  front  of 
the  diaphragm,  which  occludes  first  one  and  then  the  other  of  the  two  apertures.  This 
shutter  blade  can  also  be  used  to  produce  Intermittent  exposure  or  a  prolonged  exposure  of 
one  of  the  patches. 

*  . .  ,‘i  .  '  •# 

When  this  manual  shutter  is  being  used  to  expose  the  petches  in  this  particular  dia¬ 
phragm,  the  rotating  sectored  disk  B2  is  lifted  out  of  the  path  of  the  beam  from  S3  and 

the  •'Icctromagnetic  shutter  Bj  is  kept  open. 

While  using  the  electromagnetic  shutter  Bj  by  itself  to  control  exposures,  the  rotating 
disk  shutter  B2  is  lifted  out  of  the  path  of  the  beam.  The  electromagnetic  abutter  Bi  when 
acting  alcne  can  be  made  to  provide  exposures  of  100,  300,  1000  and  3000  milliseconds  by 
throw  lug  the  appropriate  selector  switch.  The  shutter  Bj  and  the  rotating  disk  B2  are  syn¬ 
chronized  so  that  the  two  in  combination  can  be  made  to  provide  exposures  of  1,  3,  10  and 
30  milliseconds.  When  the  two  are  used  together,  the  onset  M  the  exposure  occurs  50 
milliseconds  after  the  electromagnetic  shutter  opens. 

The  diaphragm  at  A2  can  be  positioned  so  that  the  canter  of  the  image  of  its  aperture 
coincides  with  the  Image  of  Ac.  which  is  the  fixation  point,  or  as  in  one  experiment  it  can  b« 
displaced  so  that  the  center  of  the  linage  of  the  aperture  in  A2  will  fall  3°  to  the  right  of  the  image 
of  Af,  or  again  at  6°  to  the  right  of  the  image  of  the  fixation  point  Aj. 

The  neutral  filters  Fj  and  F2  control  the  amounUbf  light  reaching  the  eye  from  S3. 

For  peripheral  stimuli  -t  greater  angular  distances  from  the  principal  line  of  sight 
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than  6°.  a  special  device  was  used  which  Involved  the  fixed  mirror  Mj  and  an  optical  sys¬ 
tem  swinging  about  a  vertical  axis  through  the  point  E',  which  is  the  mirror  image  of  the 
point  E.  A  vertical  section  of  this  system  along  the  axis  XX  is  ahown  la  Fig.  8.  Light 
from  the  source  S’3  is  focused  by  a  lens  L'5  at  the  1-mm  aperture  in  the  diaphragm  at 
A '4.  This  aperture  constitutes  the  aperture  stop  of  the  system.  An  image  of  this  aperture 
stop  is  formed  by  the  lenses  L'3  and  L'e  and  the  mirror  Ms  at  the  center  of  the  entrance 
pupil  of  the  eye.  E.  The  Porro  prism  P3  reflects  the  light  back  toward  E'.  An  image  of 
the  aperture  stop  at  A'4  would  focus  at  E'  were  it  not  for  the  fixed  mirror  Mg  which  causes 
the  image  of  the  aperture  A'4  to  be  formed  at  the  center  of  the  entrance  puplL  It  has  the 
same  size  as  the  aperture  A'4. 


*♦ 


The  advantage  of  this  mirror  arrangement  is  that  as  the  optical  system  swings  around 
E'  it  gives  peripheral  stimuli  at  various  angular  distances  from  the  point  of  fixation,  and 
the  beam  directed  toward  the  eye  always  passes  exactly  through  the  center  of  the  entrance 
pupil.  The  aperture  A'2  limits  the  diameter  of  this  peripheral  patch  to  1  degree,  7  minutes. 
A  filter  F4  with  a  transmission  of  0.07  was  used  to  give  the  brightness  of  the  peripheral 
patch  the  same  value  as  the  maximum  value  of  the  patch  of  brightness  provided  by  S3,  name¬ 
ly  147,000  trolands.  The  electromagnetic  shutter  B'j  can  be  controlled  by  the  same  timing 
mechanism  as  the  shutter  Bj. 


The  system  used  for  recording  the  changes  in  pupil  slse  is  illustrated  in  Fig.  8, 

Th.--.  system  is  incorporated  as  part  of  the  instrument  described  above.  The  aperture  Ag, 
the  lens  Lj.  and  the  point  E  which  represents  the  center  of  the  entrance  pupil,  are  identi¬ 
cal  with  the  elements  indicated  by  the  same  symbols  in  Fig.  4.  The  ribbon  filament  S3  la 
mounted  in  a  light-tight  lamp  house  fro  m  which  the  light  emerges  through  the  Infrared  filter 
F_  and  the  lens  L«.  This  filter  consists  of  two  layers  of  film  produced  by  the  Polaroid 
Corporation  and  is  designated  XR7X25;  lta  properties  have  been  deacribed  elsewhere.  »«» 

Th e  light  emerging  from  the  lens  Ls  is  reflected  at  the  mirror  Mi  which  is  below  and  in 
front  of  the  eye.  and  a  horizontal  image  of  the  ribbon  filament  is  formod  in  the  plane  of 
the  entrance  pupil  of  the  eye  which  illuminates  the  opposite  margins  of  the  iris.  The  lens 
Lg,  located  in  front  of  the  eye  and  below  the  line  of  sight,  collects  the  light  from  the  iris 
and  collimates  it.  This  light  is  reflected  by  M5  to  the  objective  Ljq  which  focuses  an  image 
of  the  pupil  in  the  plane  of  the  slit  in  the  diaphragm  A7,  with  the  slit  dividing  the  image  of 
the  pupil  into  upper  and  lower  halves.  The  image  is  1. 08  times  as  large  as  the  entrance 
pupil  of  the  eye.  The  slit  is  parallel  to  and  lies  in  the  plane  containing  Lfg,  M3  and  E, 
and  the  film  moves  perpendicularly  to  the  direction  of  this  slit.  As  the  film  moves  behind 
the  slit  the  horizontal  diameter  of  the  pupil  registers  as  a  dark  band  on  the  film  (see  Fig.  7), 
varying  in  width  depending  upon  the  diameter  of  the  pupil.  The  neon  source  which  has  the 
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form  of  a  small  rod  la  focused  by  the 
glass  rod  as  a  Harrow  line  on  the  edge 
of  the  film.  The  neon  source  la  syn¬ 
chronized  with  the  shutters  so  thst  one 
can  tell  on  the  film  where  the  onset  of 
the  exposure  occurred. 


In  the  experiments  Involving  ex¬ 
posures  of  long  duration.  Intermittent 
exposure  and  alternating  exposure  of 
two  bright  patches,  one  hand  was  used 
to  manipulate  the  shutter  controlling 
the  bright  patch,  and  the  other  hand 
manipulated  a  switch  controlling  the 
neon  source.  In  this  way  the  beginning 
and  end  of  an  exposure  or  the  alter¬ 
nation  from  one  patch  to  another  could 
be  roughly  indicated  on  the  film. 


The  film  used  was  Eastman  Infra 
r  -  1  Film  104,  the  characteristics  of 
which  hove  been  described  elsewhere. 


An  electronic  circuit  was  devised 
w'  the  mechanism  controlling  the 

electromagnetic  shutters  Bj  and  B1  j 
also  controls  the  starting  and  stopping 

of  t!  -  camera  motor. 


Flfar*  4.  Ttw  Part  at  tha  Apfarataa  0aa4  far 
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PROCEDURE  IN  OBTAINING  A  RECORD 


D,ring  a  recording  of  pupil  size  the  subject  sits  with  his  hesd  in  position  and  his  ayes 

o-  —  ar  '  f'-r.tL-r  the  Image  of  Aj  or  A7. 

Th»  first  mp  in  making  a  record  Is  to  push  s  switch  which  turns  on  the  infrared 
r  -rce.  Then  a  pair  of  switch  js  are  thrown,  one  turning  on  the  source  83  or  S*j  andthe 
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01  •••  turning  on  the  motor  which  operatea  the  driving  and  timing  mechanism.  Then  two 
•  •  s-  tch»s  are  thrown  at  the  same  time,  one  of  which  starts  tho  camera  motor  while 
the  .her  operates  the  electromagnetic  shutter  Bj  or  B’j  which  gives  an  exposure  of  a pre- 
-n  red  lergth.  The  camera  motor  starts  prior  to  the  exposure  and  is  operating  a*  full 
-  1  when  the  flash  comes.  The  camera  motor  normally  operatas  for  four  seconds  follow- 

ir,'  the  onset  of  the  flash  in  order  to  record  in  full  the  first  four  seconds  of  the  response; 

«’  re  after  the  camera  operates  for  a  short  run  at  the  and  of  each  fouraecond.  ao  thatat 
four -second  Intervals  following  the  flash  the  six#  of  the  pupil  la  recorded.  In JUm 
d-cay  of  the  constriction  can  be  traced  back  to  normal  over  a  considerable  period  of  time 
without  using  a  great  deal  of  film.  However,  by  simply  holding  a  pushbutton  switch  dosed 
it  is  possible  to  prolong  the  initial  continuous  run  of  the  motor  from  4  seconds  to  8  or  11. 
or  16  seconds,  etc. 


ANALYSIS  OF  THE  FILM  RECORD 


The  record  on  the  film  (Fig.  7)  consists  of  a  variabla  band  down  the  center  of ^the 
film  which  indicates  the  width  of  the  pupil  as  a  function  of  time.  The  onset  of  the  Hash 
Indicated  by  a  short  line  at  the  edge  of  the  film  produced  by  tha  time  marker.  In  the  case 
of  nn  exposure  of  long  duration,  or  Intermittent  exposure,  or  alternating  exposures  of  two 
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pntch-s,  time  marks  are  made  on  the  film 
to  Indicate  both  the  beginning  and  the  end  of 
the  exposures  or  the  alternations  from  one 
patch  to  the  other. 


For  analyzing  the  data,  use  was  made 
of  a  device  constructed  In  this  laboratory 
for  analyzing  binocular  eye  movement  re¬ 
cords  to  determine  the  changes  In  conver¬ 
gence.  Essentially  what  this  device  does 
with  a  film  record  of  changes  in  pupil  site 
is  to  transcribe  the  data  to  the  form  of  s  single  carve  oa  s  sheet  of  peper  which  Indicates 
the  changes  In  pupil  size  as  a  function  of  time.  The  curves  presented  In  this  report  are 
direct  traces  of  the  transcribed  data.  Two  different  scales  for  pupil  diameter  have  been 
used  In  transcribing  the  data.  The  use  of  two  scales  serves  no  useful  purpose  and  was  not 
Intended  at  the  outset. 


T.  A  hwtSHla  »f  a  Stria  af  Ft  la  Suli|  a 
la  hfi1  aa. 


LIMITATIONS  OF  THE  METHODS  USED  FOR 
RECORDING  CHANGES  IN  PUPIL  SIZE 


In  order  to  get  a  record  with  enough  contrast  to  be  of  any  use  It  was  necessary  to  In¬ 
crease  the  width  of  the  slit  to  0.  75  mm  and  to  slow  down  the  rate  of  movement  of  the  film 
to  11.5  mm  per  second.  Hence,  each  element  of  length  of  the  film  was  given  an  exposure 
of  0.  C  5  seconds.  The  width  of  the  band  at  any  point  on  the  film  therefore  la  an  integra¬ 
tion  of  chan,  -s  occurring  within  this  period  of  time.  In  order  to  measure  precisely  the  be  - 
gimln  •  < '  a  constriction,  the  duration  of  exposure  tor  each  element  of  length  of  the  film 
should  h  ’  of  the  order  of  a  hundredth  to  a  thousandth  of  a  second.  Consequently  the  method 
as  it  st  ids  does  not  represent  all  that  might  be  dealred;  it  would  help  to  hav«  a  more  In¬ 
tense  :rce,  a  more  suitable  filter  or  a  higher  speed  film. 


A*  thrr  limitation  is  the  occurrence  of  blinks  Just  aa  the  pupil  constriction  gets  under 
way;  v  ■-  n  ruch  a  blink  occurs,  it  interferes  with  the  record.  For  most  purposes,  however, 
record  '-in  be  used  in  spite  of  the  occurrence  of  the  blink,  particularly  If  attention  la  to 
be  co  .trated  on  the  minimum  size  that  the  pupil  attains  aa  a  result  of  the  exposure. 


SUBJECTS 


T  •  objects  were  used  in  this  experiment.  One  is  a  graduate  student  of  Physiologi¬ 
cal  Or*  c.  v,  1  the  ether  is  a  senior  student  in  the  School  of  Optometry.  P.  H.  la  23  years  of  age 
and  L.  Z.  is  39  years  of  age.  L.  Z.  wore  a  correcting  lens  (♦.  25-.  50  x  10)  In  front  of  his 
rirht  e;  •  during  the  experiment  for  the  correction  of  his  ametropia.  P.  H.  requires  a  -.50 
sph.  l  t  wore  no  prescription.  The  correction  does  not  Interfere  either  with  the  presen¬ 
tation  of  the  flash  sources  or  the  recording  of  the  pupil  slse. 


ABSENCE  OF  RESPONSE  TO  THE  INFRARED  LIGHT  ILLUMINATING  THE  IRIS 


The  ribbon  filament  S5,  the  infrared  filter  Fj,  the  lens  Lg  and  the  mirror  Mg,  (aee 


Tig.  f>)  present  to  the  eye  a  patch  of  Infrared  light  (9°  in  diameter)  which  la  bounded  by 
the  edge  of  lens  Lg.  The  image  of  this  patch  formed  by  the  mirror  Mg  is  seen  In  a  di¬ 
rection  below  the  center  of  the  aperture  Aa.  The  visual  angle  separating  the  centers  of  Lg 


and  Li  is  34^ 


The  filter  F3  used  to  screen  out  visible  light  from  the  Infrared  transmits  light  at  the 
extreme  end  of  the  visible  spectrum  so  that  the  subject  In  this  experiment  la  aware  of  a 
faint  red  patch  in  the  lower  part  of  the  field.  In  order  to  teat  whether  this  red  light  can 
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produce  a  pupil  constriction.  the  film  in  the  camera  was  set  motion  and  the  source  S5 
was  turned  on  for  a  short  period.  In  neither  of  the  subjects  .as  there  any  significant 
change  in  pupil  size  following  the  onset  of  the  Infrared  source. 

RESULTS  , 

A.  Pupil  Constrictions  to  Flashes  of  Various  Areas  and  Brightnesses. 

The  results  considered  in  this  section  pertain  to  patches  of  brightness  0.8°,  2.84°, 
and  8°  in  diameter,  centrally  fixated,  and  exposed  for  3  seconds.  The  solid  angles  sub¬ 
tended  are  0.000154,  0.00154  and  0.0154  steradians,  respectively. 

The  series  of  records  for  subject  P.  H.  for  flashes  of  various  brightnesses  shown  in 
Fig.  8B  were  all  made  at  one  sitting,  one  after  the  other  in  the  order  from  low  to  high 
brightnesses,  with  enough  time  allowed  between  exposures  to  permit  the  return  of  the  pupil 
to  normal  and  also  to  permit  the  retina  to  return  back  to  its  state  of  dark  adaptation.  The 
subject  was  placed  in  darkness  for  a  period  of  30  minutes  prior  to  the  experiment. 

The  records  in  Fig.  91  and  9J  for  P.  H.  for  3-second  exposures  of  patches  of  differ¬ 
ent  size  and  at  two  different  brightness  levels  were  all  made  at  one  sitting.  The  first  re¬ 
cord  made  was  for  the  lowest  brightness  and  smallest  area.  This  was  followed  by  records 
at  th  same  brightness  level  but  for  the  medium  and  large  areas.  The  same  procedure 

was  rcr-ated  at  the  next  brightness  level. 

The  records  in  Figs.  9A  to  Figs.  9H  for  L.  Z.  were  all  obtained  in  one  sitting  using 
exact!"  the  same  procedure.  The  records  for  L.  Z.  in  Fig.  8A  are  the  same  as  the  records 

for  I.’z.  for  the  3°  patch  presented  in  Fig.  9. 

Tig.  10,  which  is  based  upon  the  data  In  Fig.  8A  and  8B,  shows  tho  relationship  be- 
tween  th"  brightness  of  the  patch  and  the  minimum  sixe  that  the  pupil  attains  in  response  to 
itt  ■  »  urusually  largo  response  for  P.  H.  st  1.47  trolands  Is  not  consistent  with  the  rest 
of  responses.  The  experimenter  could  have  used  the  wrong  filter,  but  there  was  no 

way  checking  up  on  this  possibility.  This  is  tho  only  point  at  which  this  sort  of  deviation 

occurs. 

V ig.  11,  Which  is  based  on  the  data  for  L.  Z.  in  Fig.  9.  shows  tho  relationship  between 
the  i-r  htness  of  the  flash  and  the  minimum  size  that  the  pupil  attains  In  tssponae  to  It  for 

thre-  fferent  patch  sizes. 

The  data  in  both  Figs.  10  and  Fig.  11  suggest  that  as  tie  area  and  brightness  are  In- 
cren  ;>  !,  an  upper  limit  of  pupil  constriction  is  spproeched.  The  experiment  should  b#  ex¬ 
tended  to  include  at  least  one  more  log  unit  at  the  upper  end  of  the  brightness  scale,  as 
well  a  larger  areas,  in  order  to  permit  more  definite  conclusions  to  bo  drawn.  If  there 
is  a  limit  to  pupil  constriction  it  is  probably  In  tho  musclo  or  in  tho  motor  contors  rather 
than  on  the  sensory  side  of  the  reflex.  The  maximum  response  is  reached  with  an  0.  S 
patch  producing  a  retinal  illuminance  of  147, 000  trolands  while,  as  indicated  in  Fig.  2,  the 
stray  light  is  only  10  trolands  at  a  point  5°  from  the  edge  of  the  petch  and  drops  to  1  tro- 
land  at  15°  from  the  edge  of  the  patch.  The  maximum  output  of  the  retina  la  far  from 
being  reached  under  these  conditions. 
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At  the  lower  levels  the  responses  from  the  medium  and  amall  areas  disappear  audden- 
ly  while  the  large  area  continues  to  produce  sn  effect.  This  finding  tends  to  support  the 
Idea  that  stray  light  Is  the  dominant  factor  lr  the  sense  that  the  retinal  illuminance  produced 
bv  the  stray  light  simply  drops  below  the  threshold  for  the  rods  in  the  case  of  the  small 
and  medium  targets  but  is  still  above  the  threshold  in  the  case  of  the  large  target. 
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It  must  be  kept  In  mind,  however,  that  an  0.8°  t.rg*ce.*rally  fixated  tall. ^  In  th. 

,  „  ..h  a  2  84°  target  le  largely  confined  to  the  fovea,  whereas  the  Image  of  an  8 

f°v,  ».  and la! 1.64  target  is  ^  that  ^  rod.  wlthln  thl.  .re  respond¬ 

ing  and°contributinJ  to  the  pupil  respond  when  the  retinal  Illuminance  In  the  Image  of  the 
patch  drops  below  the  threshold  level  of  the  cones. 


At  Intermediate  levels  the  effect  of  varying  area  la  equivalent  to  that  of  vsryto*  »n* 
tensity  This  finding  is  consistent  with  the  notion  thst  stray  light  Is  the  Important  factor. 
Sere  is  nothing  In  the  nature  of  the  curves  to  Indicate  at  any  level  a  transfer  of  dominance 
from  elements  outside  the  Image  of  the  patch  to  elements  Inside,  or  from  rods  to  cones. 


if  the  high-frequency,  low -latent- period  responae  of  the  photoreceptors  inside  the  Image 
and  the  !ow-frequency.  h£h- latent-period  response  of  those  outside  both  contribute  to  the 
pupil  response,  there  should  be  some  way  of  manipulating  brightness  and  ares  to  differentiate 

between  the  two  effects. 


If  the  size  of  the  area  were  gradually  increased  to  Include  the  whole  visual  field, 
there  must  be  a  point  at  which  the  ganglion  cells  Inside  the  image  of  th°  P°tch  d°“^° 
the  situation.  The  experiments  described  In  this  paper  Involving  areas  up  to  8  should  be 
extended  to  areas  including  the  whole  visual  field. 


A  no*  her  method  of  differentiating  between  the  responses  Inside  and  outside  the  Image 
would  be  to  flood  the  retina  with  a  uniform  distribution  of  retinal  Illuminance 
superimpose  flashes  upon  this  background.  The  background  could  be  made  to  mask  tbs  of 

feet  cf  the  stray  light. 


P. 


1  Torts  of  F’imulatlng  Different  Areas  of  the  Retina. 


The  records  shown  in  Fig.  12  are  those  obtained  using  1. 12°  patches  of  brightness  at 
varirsi  decrees  of  eccentricity  from  the  fixation  point  All  of  the  scowls  1» 
weir  mode  at  one  sitting  with  the  records  being  made  in  the 
of  e^-ntrietty  to  zero  eccentricity.  Subjects  were  kept  dark  adapted  SO 
tak  .ng  any  record.  Enough  time  was  allowed  between  records  to  prmtt  the  7*“  °  ™.l 
turn  to  i  •  original  state  of  dark  adaptation  and  to  permit  the  pupil  to 
sir.'  .>•  >r  dark  adaptation.  In  the  case  of  L.Z.  little  or  no  effect  wae 

c-  -  the  eccentricity  of  the  Fatch  of  brightness.  In  the  case  cf  P.H.  the  pupU  responses 
at  Z'J  ard  25°  of  eccentricity  are  somewhat  smaller  than  the  rest,  but  the  rest  all  appro 

mate  the  same  size. 


it  is  probable  that  the  state  of  dark  adaptation  makea  the  response  uniform  across  ths 
retina  0*h-r  inv estigntors  have  found  that  the  fovea  is  more  effective  in  producing  a  pu- 
pill  ry  response  than  the  parafovea.  This  la  what  ons  would  predict  would  happen  In  the 

bri  '•*.  ad  ipted  eye. 


It  is  probably  true  that  the  small  image  focused  on  the  rotlna  is  < matrlbutlng  "*7 
little  to  the  pupil  response.  The  facts  should  probably  be  described  by 
butions  of  stray  light  centered  at  point,  at  different  dlatance.  from  the  mass  7°*“? 
tlally  the  same  response.  Each  of  these  distributions  of  stray  light  is  Itself  •  grsdlsnt  and 
if.  for  example,  the  fovea  were  the  only  part  of  th.  retina  producing  the  pupU  rssjmnae.  as 
was  claimed  by  Hess5,  then  tha  further  the  center  of  the  distribution  from  the  fovea  the 
less  *>  o*ild  be  the  pupil  response. 


The  fact  that,  in  the  dark  adapted  eye.  the  periphery  of  the  retina  Is  Just  usffectto 
in  producing  a  pupil  response  a.  the  centrsl  portion,  eimplifla.  the 

the  effects  of  a  complex  distribution  on  the  retina  because  It  means  that  no  allowance  need 
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be  made  for  the  location  of  a  patch  on  the  central  region  of  the  retina.  All  patches,  re¬ 
gardless  of  where  they  fall  within  the  central  region  of  the  retina,  Would  be  equally  effect¬ 
ive. 


C.  The  Role  Played  by  Stray  Light  in  Producing  Pupil  Reaponses. 

When  the  patch  1.  12°  in  diameter  falls  16°  to  the  right  of  the  fixation  point,  it  falls 
within  the  blind  spot  of  each  subject  as  shown  in  Fig.  13.  The  pupil  response,  however, 
is  Just  as  great  as  the  response  obtained  from  areas  to  the  left  and  right  of  the  blind  spot 
(see  Fig.  12).  This  is  in  accordance  with  the  finding  of  Heas^  and  it  can  probably  be  con¬ 
cluded  from  this  that  the  stray  light  produced  by  a  small  bright  patch  is  the  important 
thing  rather  than  the  light  which  is  focused  directly  on  the  retina. 


One  method  employed  in  this  study  for  demonstrating  the  role  played  by  stray  light  is 
similar  to  that  used  by  Bartley  and  Fry  ^  in  demonstrating  the  role  played  by  stray  light 
in  producing  the  retinal  potential.  The  technique  consisted  in  alternating  two  patches  of 
light  0.8°  in  diameter,  sepn.ated  from  each  other  by  1,6°  (center  to  center)  and  each  sepa¬ 
rated  5°  from  the  point  of  tixation,  and  with  the  midpoint  between  the  two  patches  being  on 
a  horizontal  line  through  the  point  of  fixation.  As  explained  in  the  procedure,  the  alter¬ 
nation  is  accomplished  manually  by  throwing  a  shutter  which  exposes  one  stimulus  and  then 
the  oth^-r.  This  shutter  can  also  be  used  to  occlude  both  stimuli. 
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If  t!ie  pupil  response  produced  by  these  patches  were  mediated  by  the  stray  light  in 
the  eye  one  would  not  expect  any  fluctuation  in  pupil  slxe  to  occur  at  the  switch  from  one 
patch  to  the  other,  because  the  difference  in  amount  at  stray  light  produced  by  the  two 
patches  at  a  given  point  of  the  retina  could  not  be  very  great,  except  in  the  case  of  a  point 
which  is  very  close  to  one  or  the  other  of  the  images  of  the  two  patches. 


The  pupil  response  si  own  in  Fig.  14  was  obtained  by  keeping  the  subject  in  the  dark 
for  30  minutes,  and  after  tills  exposing  one  of  the  patches  for  16  sec,  then  suddenly  switch¬ 
ing  to  the  other  patch. 


The  first  part  of  the  record  in  Fig.  IS  shows  the  response  of  the  pupil  to  rhythmic 
alternation  back  and  forth  from  one  patch  to  the  other.  The  fart  that  the  fluctuations  in 
pupil  size  are  more  pronounced  and  more  regular  with  alternating  patches  than  with  the  steady 
stimulation  of  a  single  patch  (Fig.  14)  indicates  that  the  intermittent  acti/lty  of  the  photo¬ 
receptors  in  and  near  the  Images  of  the  patches  does  Introduce  a  rhythm  into  the  pupil  con¬ 
striction.  The  second  part  of  the  record  in  Fig.  15  shows  the  response  of  the  pupil  to  an 
intermittent  stimulus. 


D.  Ejects  of  Varying  Duration  of  the  Flash  upon  the  Response  of  the  PuplL 


In  each 

W 


Records  obtained  with  flashes  of  different  duration  are  ahown  in  Fig.  16. 
case  th?  diameter  of  the  circular  patch  was  8°.  the  retinal  illuminanca  produced  by  the 
patch  was  kept  constant  at  1470  trolands,  and  the  fixation  point  was  at  the  center.  Prior 
to  obtaining  any  record  each  of  the  subjects  was  kept  in  the  dark  for  SO  minutes,  and  then 
the  records  were  taken  in  the  order  from  long  to  short  in  the  case  of  P.  H.  and  from  short 
to  long  in  the  case  of  L.  Z.  with  enough  time  allowed  between  records  to  permit  recovery 
to  the  lark  adapted  state  and  to  permit  the  return  of  the  pupil  to  its  normal  sisa.  The 
data  in  Fig.  16  have  been  analyzed  in  Fig.  17  to  show  the  minimum  site  that  the  pupil  at¬ 
tains  with  flashes  of  different  durations. 


By  comparing  Figs.  8,  9,  10,  16,  and  17 
it  is  easy  to  observe  that  the  effect  of  vary¬ 
ing  brightness  is  not  at  all  equivalent  to 
varying  deration.  The  recovery  from  short 
flashes  of  high  brightness  is  much  faster 
than  from  weak  flashes  of  long  duration. 

The  extent  of  pupil  constriction  finally 
reaches  a  limit  as  the  duration  of  the  stim¬ 
ulus  is  increased  to  one  of  indefinite  dura¬ 
tion,  and  this  limit  bears  no  relation  to 
the  limit  reached  by  varying  brightness  and 
area. 
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3 

CL 


The  photoreceptor  response  to  a  flash 
of  light  is  a  burst  of  impulses  which  builds 
up  to  a  maximum  frequency  and  then  sub¬ 
sides.  For  short  flashes,  the  height  of 
this  peak  is  assumed  to  be  affected  Just  as 
much  by  varying  intensity  as  by  varying  du-  - 
ration,  but  there  is  a  critical  duration 
(ranging  from  about  0.03  sec  for  cones  at 
high  brightness  levels  to  0.  20  sec  for  rods 
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nt  low  brightness  levels)  beyond  which  further  Increase  in  duration  will  not  increase  the 
size  of  the  peak.  Further  prolongation  of  the  stimulus  keeps  the  wave  of  activity  from  sub¬ 
siding  to  zero;  a  low  level  of  activity  is  maintained  as  long  as  the  stimulus  lasts.  In  con¬ 
trast  to  this  pattern  of  activity  of  the  photoreceptors,  ths  pupil  continues  with  its  wave  of 
constriction  long  after  the  wave  of  activity  of  the  photoreceptor  haa  passed  Its  peak  and  sub¬ 
sided  to  a  reasonably  steady  level.  It  does  not  reach  Its  peak  until  after  about  three  sec¬ 
onds.  After  passing  by  the  peak  of  constriction  the  pupil  dilates  a  little,  and  after  this  it 
maintains  a  fairly  constant  level.  The  pattern  of  Impulses  transmitted  by  the  photoreceptors 
to  the  ganglion  cell  layer  end  the  pretectal  region  is  probably  retransmitted  with  high  fi¬ 
delity  to  the  Edinger-Westphal  nuclei,  the  ciliary  ganglions  and  the  sphincter  muscles  at 
the  irides.  It  would  apper.r,  therefore,  that  the  volley  of  Impulses  associated  with  the  on¬ 
set  of  the  flash  is  expended  in  getting  the  sphincter  response  under  way,  but  the  sphincter 
response  continues  to  build  up  after  the  volley  of  Impulses  has  subsided  to  a  lower  level 
and  continues  to  build  up  until  It  reaches  its  maximum  several  seconds  later.  The  alight 
dilation  of  the  pupil  to  its  final  steady  size,  which  follows  this  peak  of  activity,  probably 
depends  upon  a  gradual  decay  of  activity  at  the  photoreceptor  level.  When  the  pupil  finally 
reaches  its  steady  state,  it  takes  a  relatively  low  frequency  of  impulses  from  the  retina  to 


E.  Recovery  from  a  Flash, 


In  Fig.  18  the  recovery  from  3  sec.  8°.  centrally  fixated  flashes  at  various  bright¬ 
ness  levels  have  been  traced  for  several  minutes  following  the  flash.  A  continuous  record 
has  been  made  of  pupil  size  during  the  first  8  sec  (low  brightness)  or  18  sec  (medium 
brightness)  or  28  sec  (high  brightness),  and  thereafter  at  tha  end  of  every  four-second  in- 

terv.n'  a  short  record  of  pupil  size  was  made. 


Oir  records  indicate  that 
if  the  ;  upil  of  an  eye  kept  in 
darkness  is  made  to  constrict 
by  a  fl  'h  of  light,  it  will  re¬ 
turn  back  to  its  original  size 
within  the  first  minute  follow¬ 
ing  the  cessation  of  the  flash. 


It  is  not  known  whether 
the  course  of  this  recovery  is 
determined  wholly  by  the  me¬ 
chanics  of  the  muscle  or  whether 
prolonged  activity  of  the  sensory 
mechanism  is  a  factor.  For 
example,  there  must  be  some 
kind  of  after  discharge  in  the 
sensory  mechanism  associated 
with  positive  after  images. 


SUMMARY  AND  CONCLUSIONS 


Insofar  as  a  flash  of  light  In  the  visual  field  which  one  might  encounter  In  a  practical 
situation  is  similar  to  any  of  the  stimuli  which  have  been  employed  In  this  situation,  the  re¬ 
sults  of  this  investigation  can  be  used  directly  to  predict  the  effect  of  the  Hash  upon  pupil 
size  during  the  flash  and  upon  the  ability  to  see  immediately  following  the  flash. 


There  are  two  aspects  to  the  problem.  If  the  flash  lasts  longer  than  the  latent  period 
for  pupil  constriction,  the  pupil  constriction  will  affect  the  amount  of  light  reaching  the  reti¬ 
na  during  the  later  portion  of  the  flash.  The  second  aspect  of  the  problem  relates  to  what 
happens  subsequent  to  the  flash.  The  pupil  does  not  return  back  to  Its  normal  else  until 
after  a  considerable  period  of  time,  and  consequently  this  constricted  state  of  the  Wf1  “UBt 
be  taken  into  account  in  evaluating  the  return  of  an  observer's  ability  to  see  a  dark  object 
against  the  sky  background. 


It  was  hoped  that  this  study  would  lead  to  an  adequate  method  of  predicting  the  course 
of  the  pupil  response  produced  by  a  flash  having  a  complex  temporal  pattern  aa  well  as  a 
comdex,  changing  distribution  of  brightness  in  the  visual  field.  In  attempting  to  do  this  the 
Obvious  procedure  is  to  determine  the  changes  In  the  total  retinal  illuminance  at  various 
points  on  the  retina  during  the  period  of  the  flash.  This  Includes  atray  light  as  well  aa  the 
light  directly  focused  on  the  retina.  Having  done  this  one  must  predict  the  frequency  of  Im¬ 
pulses  discharged  by  the  ganglion  cells  at  the  different  parts  of  the  retina  at  the  «Hfferent 
times,  and  then  he  must  figure  out  how  the  Impulses  from  the  different  parts  of  the  retina 
summ'ate  with  respect  to  both  space  and  time  to  determine  the  pupil  response. 


As  pointed  out  previously  there  are  many  problems  which  need  further  study  before  one 
can  hope  to  predict  the  course  of  the  change  In  pupil  slse  resulting  from  a  complex  temporal 
pattern  .and  also  a  complex,  changing  distribution  of  brightness  In  the  field  of  view. 


Until  the  mechanisms  of  temporal  and  spatial  summation  are  better  understood.  It  will 
probably  suffice  to  use  some  crude  approximations  for  predicting  pupil  responses.  In  the 
case  of  the  dark  adapted  eye  one  can  assume  that  the  response  Is  proportional  to  the  total 
amount  of  light  involved  (brightness  x  area  x  time).  This  will  hold  roughly  for  the  central 
region  of  the  field  of  view  up  to  35°  out  from  the  primary  line  of  sight  and  for  flashes 
up  to  0.  2  sec.  For  longer  fishes  than  0.  2  sec  the  effect  of  varying  duration  la  not  the 
same  as  that  of  varying  brightness,  and  allowance  must  be  made  also  for  the  effect  of  the 
pupil  constriction  itself. 
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